For power-flow solution of power systems incorporating multiterminal DC (MTDC) network(s), five quantities are required to be solved per converter. On the other hand, only three independent equations comprising two basic converter equations and one DC network equation exist per converter. Thus, for solution, two additional equations are required. These two equations are derived from the control specifications adopted for the DC links. Depending on the application, several combinations of valid control specifications are possible. Each combination of a set of valid control specifications is known as a control strategy. The number of control strategies increases with an increase in the number of the DC terminals or converters. It is observed that the power-flow convergence of integrated AC-MTDC power systems is strongly affected by the control strategy adopted for the DC links. This work investigates the mechanism by which different control strategies affect the power-flow convergence pattern of AC-MTDC power systems. To solve the DC variables in the Newton-Raphson (NR) power-flow model, sequential method is considered in this paper. Numerous case studies carried out on a three-terminal DC network incorporated in the IEEE-300 bus test system validate this.
Introduction
Multiterminal DC (MTDC) systems have been proven to be more versatile on account of their ability to fully exploit the economic and technical advantages of HVDC technology. Since the success of the first MTDC system "SardiniaCorsica-Italy Scheme" in 1991, the application of MTDC systems has shown a steady increase. Further, with the rapid progress of renewable energy sources and offshore wind farms, MTDC applications are increasing. MTDC transmits bulk power from several generating stations to several load centres. It is more flexible and economical, being capable of connecting more than two asynchronous AC systems [1] [2] [3] [4] . Now, for planning, operation, and control of power systems incorporated with MTDC links, power-flow solution of such systems is required. Power-flow solution of integrated AC-MTDC systems requires five quantities to be solved per converter. These include the DC voltage, the DC current, the control angle, the converter transformer tap ratio, and the converter power factor. On the other hand, only three independent equations comprising two basic converter equations and one DC network equation exist per converter. Thus, for solution, two additional equations are usually required. These two equations are derived from the control specifications adopted for the DC links. Thus, mathematically, the control specifications are used to bridge the gap between the number of independent equations and the number of unknown quantities. Control specifications usually include specified values of converter transformer tap ratio, converter control angle, DC voltage, DC current, or DC power. Depending on the application, several combinations of valid control specifications are possible. Each combination of a set of valid control specifications is known as a control strategy. The number of possible control strategies increases drastically with increase in the number of the DC terminals or converters. Out of a myriad of combinations, only some control strategies are practically adopted in practice.
To carry out power flow in AC-MTDC systems, two different algorithms have generally been reported in the literature. These are known as the unified and the sequential method, respectively. Some excellent research works on the unified and the sequential power-flow method are presented in [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] . Unlike the unified method, the sequential method is easier to implement and poses lesser computational burden due to the smaller size of the Jacobian matrix. Consequently, in this work, only the sequential AC-DC power-flow algorithm has been considered. In the sequential AC-DC power-flow algorithm, the AC and DC systems are solved separately in each iteration and are coupled by injecting an equivalent amount of real and reactive power at the terminal AC buses. It is observed that each different control strategy affects the sequential power-flow convergence in a uniquely different manner. For standard control strategies, that is, constant DC voltage or current or power, the convergence rate can be improved by solving the DC and AC systems independently. On the other hand, for nonstandard ones like constant tap ratios and constant terminal voltage, the convergence may suffer. The mechanism by which this occurs has not been very clear and has not been exclusively addressed in the literature. This motivated the authors to investigate how different control strategies affect the power-flow convergence. The work is validated by numerous case studies carried out on a three-terminal DC network incorporated in the IEEE 300-bus test system. Although a large number of control strategies are possible with the three-terminal DC network, however, due to a lack of space, only results corresponding to nine different control strategies are reported here. This paper is arranged as follows: in Section 2, the mathematical modelling of the AC-MTDC system is presented. Section 3 details a few of the control strategies possible for a three-terminal DC network. In Section 4, the AC-MTDC power-flow equations are presented, with the DC link powers acting as an equivalent load on the converter AC buses. Section 5 details the case studies carried out with a threeterminal DC network incorporated in the IEEE 300-bus test system. The conclusions are presented in Section 6. Figure 1 shows a typical AC power system incorporating a three-terminal DC network. The DC network contains two HVDC links. The first link is connected in the branch " -" between any two system buses " " and " " of the network while the second one is connected in the branch " -" between system buses " " and " . " The three converters representing one rectifier and two inverters are connected to the AC system at buses " , " " , " and " , " respectively, through their respective converter transformers. The effect of the DC links is accounted for as equivalent amount of real and reactive power injections , , 1 , 1 , 2 , and 2 at the converters' AC terminal buses " , " " , " and " , " respectively. Although these power injections are not shown in Figure 1 , they are included in the analysis by appropriate modifications of the power-flow equations as detailed later in Section 4.
AC-MTDC System Modelling
Prior to the selection of variables and formulation of the equations, several basic assumptions are required which are generally accepted in the analysis of steady state DC converter operation [1] [2] [3] [4] . These are as follows.
(1) The three AC voltages at the terminal bus bars are balanced and sinusoidal.
(2) The operation of the converters is perfectly balanced.
(3) The direct currents and voltages are smooth.
(4) The converter transformers are lossless and their magnetizing admittances are ignored.
Subsequently, the DC and AC equations are combined together which requires the translation of the converter equations into the per-unit system in order to use them with AC system per-unit equations. The base values for the DC system are defined as the following.
Selection of base values for the DC system: dc base = ac base ; where = 3 √ 2 , dc base = √ 3 ac base , 
which culminate in the per-unit AC-DC system equations as given in the following. Basic converter equations for a 3-terminal DC network in per-unit system:
From the above, it can be observed that twelve independent equations exist as against a total of eighteen unknowns. Thus, for a complete solution of the HVDC quantities, six quantities (two per converter) are needed to be specified. These are derived from the control specifications adopted for the DC links. Each combination of a set of valid control specifications is known as a control strategy. Theoretically, the number of possible control strategies increases drastically with increase in the number of the DC terminals or converters. However, only a few of the possible control strategies are practically adopted in practice. This is explained in the next section.
MTDC Control Strategies
As already discussed in the previous section, for a threeterminal DC network, a myriad of control strategies are possible. However, due to a lack of space, only nine typical control strategies are considered in this paper. These are detailed in Table 1 .
Control Strategy 1.
In this control strategy, the DC voltage and the firing angle are specified for the rectifier. On the other hand, the active powers for both inverters are specified along with their extinction angles.
Control Strategy 2.
In this control strategy, the DC voltage and the firing angle are specified for the rectifier. For inverter 1, the active power is specified while the DC current is specified for inverter 2. In addition, the extinction angles of both inverters are specified.
Control Strategy 3.
In this control strategy, at the rectifier terminal, the DC voltage and the firing angle are specified. The DC current is specified at inverter 1 while the active power is specified at inverter 2. Also, the extinction angles of both inverters are specified.
Control Strategy 4.
In this control strategy, the DC voltage and the firing angle are specified at the rectifier end while the DC currents and the extinction angles are specified for both inverters.
Control Strategy 5.
In this control strategy, the DC voltage is specified for the rectifier while the active powers are specified for both inverters. In addition, the tap settings for all the three converter transformers are specified.
Control Strategy 6.
In this control strategy, the DC voltage is specified for the rectifier while the DC currents are specified for both inverters. The tap settings for all the three converter transformers are also specified.
Control Strategy 7.
In this control strategy, at the rectifier terminal, the DC voltage is specified. The active power is specified at inverter 1 while the DC current is specified at inverter 2. In addition, the tap settings are specified for all the three converter transformers.
Control Strategy 8.
In this control strategy, the DC voltage is specified at the rectifier terminal. For inverter 1, the DC current is specified while for inverter 2 the active power is specified. The tap settings for all the three converter transformers are also specified.
Control Strategy 9.
In this control strategy, the firing angle is specified for the rectifier while the DC voltage is specified for inverter 1. In addition, the values of the active powers and the extinction angles are specified for both inverters.
AC-DC Power-Flow Equations
As already discussed in Section 1, for solving the AC-MTDC system, two additional equations per converter are required, which are derived from the control specifications adopted for the system. For the three-terminal DC link considered in this paper, this translates into six specified variables. These six specified variables are divided into two subsets. The first set of specified variables is used only for the DC load flow and corresponds to specifying active power or current at all terminals except at the voltage setting terminal. In this paper, the DC load flow is solved by the Newton-Raphson method.
Subsequently, for solving the AC power flow, the effects of the DC links are included in the power-flow equations by injecting an equivalent amount of real and reactive power at the terminal AC buses connected to the converters. The values of these active and reactive powers are computed using the specified variables and the variables computed from the DC power flow. This results in appropriate modifications of the mismatch equations at the converter terminal AC buses. These are given below.
For any AC bus " , " which is not connected to any DC link, the mismatches in the active and reactive power injections are given, respectively, by
The DC network contains two HVDC links. The first link is connected in the branches " " and " " between any two buses " " and " " of the network while the second one is connected in the branch " -" between system buses " " and " . " The three converters representing one rectifier and two inverters are connected to the AC system at buses " , " " , " and " , "
respectively, through their respective converter transformers. The effect of the DC link can be incorporated in the AC power flow as equivalent active and reactive power injections " " and " " at the rectifier bus " , " along with " 1 " and " 1 " and " 2 " and " 2 " at the inverter buses " " and " , " respectively. Therefore, the mismatches in the active and reactive power injections can be written as
where
, and 2 = 2 tan 2 . In the above equations, the equivalent active power injections " , " " 1 , " and " 2 " are usually specified or can be very easily computed by manipulation of the specified variables. However, for the equivalent reactive power injections , 1 , and 2 , the case is different, depending on the control strategy adopted for the DC links. For control strategies 1, 2, 3, 4, and 9, , 1 , and 2 (and hence , 1 , and 2 ) can be computed by manipulation of the specified variables. However, for control strategies 5, 6, 7, and 8, , 1 , and 2 (and hence , 1 , and 2 ) are dependent on both the specified variables and the AC state variables, which are updated in every iteration. This affects the convergence pattern. The steps involved in the computation of the active and reactive power injections for only two typical control strategies 1 and 5 are detailed in Table 7 . In control strategy 5 the reactive power injections are dependent on the AC power-flow iterative process while in control strategy 1 they are independent of it. Although the steps involved in the computation of the power injections pertaining to the rest of the control strategies are not shown due to limitations of space, they can be computed in ways similar to control strategies 1 and 5.
It is important to note the conventions of the signs of the equivalent real and reactive power injections representing the DC link. It is assumed that the rectifier consumes both real and reactive power from the AC grid while the inverters supply real power and consume reactive power.
Case Studies and Results
Numerous case studies were carried out on a three-terminal DC network comprising one rectifier and two inverters incorporated in the IEEE 300-bus test system [20] . All the three converters are connected to their respective AC buses by tap changing transformers. Although a large number of control strategies are possible with the three-terminal DC network, however, due to limitations of space, only results corresponding to nine different control strategies are reported here. For all the case studies, the commutating reactance and the DC link resistance were chosen as 0.1 p.u. and 0.01 p.u., respectively. The number of bridges " " for all the converters was taken to be equal to 2. To minimize the reactive power requirement at the rectifier and inverter terminals and the overall system losses, the rectifier firing angles and the inverter extinction angles are kept within 5 ∘ to 15
∘ and 15 ∘ to 22 ∘ , respectively, for all the case studies. In a similar manner, the tap ratios of the converter transformers are kept between 0.85 and 1.15. A convergence tolerance of 10 −12 p.u. was uniformly adopted for all the case studies. In each of the case studies, "NI" refers to the number of iterations taken by the algorithm to converge to the specified tolerance (10 −12 p.u.). In general, "NI" is representative of the degree of convergence of a power-flow study.
Case Study I. In this case study, two HVDC links are considered. The first link is incorporated between buses "25-26" and the second one between buses "25-232. " The converter connected to bus number 25 acts as a rectifier. On the other hand, both converters connected to buses 26 and 232 act as inverters. Control strategy 1 is adopted for the control of the DC links. Corresponding to this strategy, the active power flows on the links 25-26 and 25-232 are set to 0.3 p.u. and 0.1 p.u., respectively. The DC voltage on the rectifier side is set at 1 p.u. The firing angle for the rectifier and the extinction angles for both inverters are set to 5 ∘ and 15 ∘ , respectively. The power-flow solution is shown in columns 5-8 of Table 2 (corresponding to control strategy 1). The state variables pertaining to the AC and DC systems are denoted as ACSV and DCSV, respectively. From Table 2 , it is observed that the power-flow convergence pattern in this case is similar to that of the base case power flow (without HVDC link), converging in seven iterations. This is because the power injections representing the DC links can be computed prior to the AC power flow, as elaborated from the steps given in the first column of Table 7 . This is reiterated from the convergence characteristics corresponding to the base case and case study 1, as shown in Figures 2 and 3 , respectively. The convergence characteristic plots the error (maximum absolute mismatch in p.u.) against the number of iterations "NI. "
Case Study II. In this case study, two HVDC links are connected between buses "213-214" and "213-216. " While the converter connected to bus number 213 acts as a rectifier, both converters connected to buses 214 and 216 act as inverters. In this case, control strategy 2 is adopted for the control of the DC links. The rectifier end DC voltage is specified along with the firing angle. While the first inverter acts on constant power mode, the second one acts on the constant current mode. In addition, the extinction angles for both inverters are specified. These values are detailed in columns 1-4 of Table 2 (corresponding to control strategy 2). The power-flow solution is detailed in columns 5-8 of Table 2 . The convergence pattern is similar to that of control strategy 1, as the DC link power injections can be computed prior to the AC power flow. The steps involved in the computation of the DC link power injections (Table 7) , although similar in nature to control strategy 1, are not shown due to limitations of space.
Case Study III. In this case, two HVDC links are connected between buses "109-146" and "109-147. " The converter connected to bus number 109 acts as a rectifier, while both converters connected to buses 146 and 147 act as inverters. For control of the DC links, control strategy 3 is selected. The rectifier end DC voltage is specified along with the firing angle. While the first inverter acts on constant current mode, the second one acts on the constant power mode. In addition, the extinction angles for both inverters are specified. These values are detailed in columns 1-4 of Table 2 . The power-flow solution is detailed in columns 5-8 of Table 2 (corresponding to control strategy 3). From Table 2 , it is observed that the convergence pattern obtained in this case is again similar to control strategies 1 and 2, which is expected as the power injections can be computed prior to the AC power flow.
Case Study IV. In this case study, two HVDC links are connected between buses "101-102" and "101-104. " The rectifier is connected to bus number 101. The inverters are connected to buses 102 and 104, respectively. For control of the two DC links, control strategy 4 is adopted. The rectifier end DC voltage is specified along with the firing angle. Both inverters are operated at constant current and constant extinction angle modes. The values of the specified quantities are detailed in columns 1-4 of Table 3 . The power-flow solution is detailed in columns 5-8 of Table 3 (corresponding to control strategy 4). It is observed that as expected the convergence pattern is similar to that obtained with control strategies 1 to 4 (since the DC link power injections are known before the AC power flow).
Case Study V. In this case, two HVDC links are incorporated between buses "86-87" and "86-90. " The converter connected to bus number 86 acts as a rectifier while both converters connected to buses 87 and 90 act as inverters. Control strategy 5 is selected for the control of the DC links. In this strategy, the rectifier end DC voltage is specified while both inverters are operated in the constant power mode. In addition, the tap ratios of all the three converter transformers are specified. Columns 1-4 of Table 3 show these specified values. The power-flow solution is shown in columns 5-8 of Table 3 (corresponding to control strategy 5). From the power-flow solution, it is observed that, unlike control strategies 1 to 4, with this control strategy, the convergence pattern is adversely affected. This is because for this control strategy the computation of the reactive power injections (for the DC links) is dependent on the AC power-flow variables 6 Advances in Electrical Engineering and is updated in every iteration. This is elaborated from the steps involved in the computation of the power injections as shown in the second column of Table 7 . From Table 7 , it can be observed that the computation of the reactive power injections is dependent on the iterative process. This affects the convergence pattern. This is reiterated by comparing the convergence characteristics for this case, as shown in Figure 4 , with those of Figures 2 and 3 . The bus voltage profile for this control strategy is shown in Figure 5 . It is observed that the bus voltage profiles undergo very slight changes at only the AC terminal buses connected to the converters. Table 2 with control strategy 1.
It is important to note that due to a limitation of space only the bus voltage profile corresponding to control strategy 5 is shown. This is because among all the case studies carried out the poorest power-flow convergence pattern was observed corresponding to this control strategy.
Case Study VI. In this case, the two HVDC links were incorporated between buses "77-84" and "77-86. " While the converter connected to bus number 77 acts as a rectifier, both converters connected to buses 84 and 86 act as inverters. For control of the DC links, control strategy 6 is adopted. In this control strategy, the rectifier end DC voltage is specified. On the other hand, both inverters are operated in the constant current mode. Also, the tap ratios of all the three converter transformers are specified. While columns "1-4" of Table 3 show the values of the specified quantities, columns 5-8 detail the power-flow solution (corresponding to control strategy 6). From the power-flow solution it is observed that Table 3 with control strategy 5. in this case the convergence pattern is adversely affected as in case of that of control strategy 5. This is because the converter equivalent reactive power injections are required to be updated in every iteration of the AC power flow. This is also true for the subsequent case studies VII and VIII carried out employing control strategies 7 and 8, respectively. Although the steps involved in the computation of the power injections with control strategies 6 to 8 are similar to those with control strategy 5 (second column, Table 7 ), they are not shown due to limitations of space. The convergence characteristics corresponding to this case study are shown in Figure 6 . By comparing Figures  5 and 6 , the similarity in the convergence characteristics between the case studies with control strategies 4 and 6 can be observed. Figure 6: Convergence characteristics for case study VI of Table 3 with control strategy 6.
Case Study VII. In this case study, two HVDC links are incorporated between buses "68-173" and "68-174. " The converter connected to bus number 68 acts as a rectifier while both converters connected to buses 173 and 174 act as inverters. Control strategy 7 is selected for the control of the DC links. The first inverter is operated in the constant power mode while the second one operates in the constant current mode. In addition, the tap ratios of all the three converter transformers are specified. The specified values are given in columns 1-4 of Table 4 . The power-flow solution is shown in columns 5-8 of Table 4 (corresponding to control strategy 7). From the power-flow solution, it is observed that, similar to control strategies 5 and 6, the convergence pattern for this control strategy is adversely affected. This is expected as the reactive power injections are dependent on the iterative process of the AC power flow. This is reiterated from the convergence characteristics for this case study, as shown in Figure 7 .
Case Study VIII. In this case, two HVDC links are incorporated between buses "15-31" and "15-74. " The converter connected to bus number 15 acts as a rectifier while both converters connected to buses 31 and 74 act as inverters. Control strategy 8 is selected for the control of the DC links. The rectifier operates in the constant voltage mode. The first and the second inverters are operated in the constant current and constant power modes, respectively. In addition, the tap ratios of all the three converter transformers are specified. Columns 1-4 of Table 4 show these specified values. The power-flow solution is shown in columns 5-8 of Table 4 (corresponding to control strategy 8). From the power-flow solution, it is again observed that, similar to control strategies 5-7, the convergence pattern is adversely affected by this control strategy. The convergence characteristics for this case study, as shown in Figure 8 , emphasise this fact.
Case Study IX. In this case, two HVDC links are incorporated between buses "266-270" and "266-271. " The converter Table 4 with control strategy 7. Table 4 with control strategy 8.
connected to bus number 266 acts as a rectifier while both converters connected to buses 270 and 271 act as inverters. Control strategy 9 is selected for the control of the DC links. In this strategy, the rectifier is operated in the constant firing angle mode. Both inverters are operated in constant power and constant extinction angle mode. Columns 1-4 of Table 4 show these specified values. The power-flow solution is shown in columns 5-8 of Table 4 (corresponding to control strategy 9). From Table 4 , it is observed that, in this case study, the convergence pattern is better than those with control strategies 5-8. This is because the power injections representing the DC link can be computed a priori and are independent of the iterative process of the AC power flow. This is reiterated by the convergence characteristics for this case study, as shown in Figure 9 . The convergence patterns for the control strategies 2, 3, 4, and 9, although similar to control strategy 1, are not shown due to the limitations of space. Table 4 with control strategy 9.
During the numerous studies carried out in the above AC-DC system, it was also observed that, for a particular control strategy adopted, the power-flow convergence pattern is also affected by the values of the controlled variables corresponding to that strategy. Now, the value of the DC link power transfer is one of the most important control variables. Hence, two more case studies were conducted to observe the effect of the variation of the DC link power transfer on the power-flow convergence pattern. Since the poorest convergence pattern is observed with control strategy 5 (Table 3) , hence, for both of the case studies, this strategy is adopted. The details of the case studies are given below.
Case Study X. In this case study, the power transfer over the first DC link " 1 " is maintained to a constant value of 0.5 p.u. On the other hand, the power transfer over the second DC link " 2 " is gradually increased from 0.08 p.u. to 0.3 p.u. The value of the specified quantities is shown in columns 3-4 of Table 5 .
The power-flow solutions are detailed in columns 5-6 of Table 5 . The variation of "NI" with active power in the second DC link is shown in Figure 4 . From Figure 10 , it is observed that "NI" increases as " 2 " is increased.
Case Study XI. In this case study, the power transfer over the first DC link " 1 " is gradually increased from 0.1 p.u. to 0.28 p.u. while maintaining the power transfer over the second one ( 2 ) to a constant value of 0.2 p.u. The specified quantities and the power-flow solutions are shown in columns 3-4 and 5-6 of Table 6 , respectively. The variation of "NI" with active power in the first DC link is shown in Figure 11 . From Figure 11 , it is again observed that "NI" increases as " 1 " is increased.
Conclusions
For power-flow solution of an integrated AC-DC system, control specifications adopted for the system bridge the gap between the number of independent equations and the number of unknown quantities. Depending on the application, several combinations of valid control specifications are possible. Each combination of a set of valid control specifications comprises a control strategy. It is observed that the power-flow convergence is strongly affected by the control strategy adopted. This work investigates the mechanism by which different control strategies affect the convergence of the iterative process. It is observed that, for a majority of the possible control strategies, the equivalent power injections at the converter terminal buses are independent of the NR iterative loop. However, for others, the equivalent reactive power injections need to be computed in every NR iteration. This affects the convergence of the algorithm. This is validated by multiple case studies with application of nine different control strategies on a three-terminal DC network incorporated in the IEEE 300-bus test system.
From the case studies, it was observed that the powerflow convergence pattern for integrated AC-DC systems depends upon a number of factors. Firstly, it depends on the control strategy adopted for the DC link. Secondly, for a particular control strategy adopted, it depends upon the values of the electrical quantities specified in the control strategy. In addition, it also depends upon the location of the DC link, that is, the system buses between which the link is incorporated. Step 1: compute 1 and 2 using DC load flow
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Step 10: compute 1 = 1 tan 1 Step 11: compute 2 = 2 tan 2 Note 3: 1 and 2 are specified. can be computed prior to the AC power flow. However, , 1 , and 2 depend upon , 1 , and 2 , respectively, and need to be updated in every iteration.
Advances in Electrical Engineering
The above research work could be further extended by investigating and comparing the effects of power-flow algorithms other than the sequential method. The effect of power flow based on soft computing techniques on the convergence pattern can be investigated in light of different control methodologies and computation platforms. 
Appendices

A. Selection of Base Values for the DC System
B. Computation of Active and Reactive Power Injections in Different Control Strategies
As already explained in Section 4, for solving the AC power flow, the equivalent active and reactive power injections at the AC terminal buses connected to the converters need to be computed. The methods involved in the computation of the power injections for different control strategies are all different. However, they can be broadly categorized into two distinct ones. While in the first one the power injections are independent of the AC power flow, in the second one, they are dependent on the iterative process. Control strategies 1, 2, 3, 4, and 9 belong to the former category while control strategies 5, 6, 7, and 8 belong to the latter. The detailed steps involved in the computation of the power injections for control strategies 1 and 5 are shown in Table 7 . From Table 7 , it can be observed that the active power injections can be computed prior to the AC power flow. It is also observed that, in control strategy 1, the quantities , 1 , and 2 and hence the reactive power injections , 1 , and 2 can be computed prior to the AC power flow by manipulation of the specified variables. On the other hand, in control strategy 5, they are dependent on the AC powerflow variables and thus need to be updated in every iteration.
The steps corresponding to the other control strategies can be detailed in a similar manner and are not shown due to limitations of space. Active and reactive power demand at bus " , " respectively , :
List of Symbols
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